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‘Enhanced Biomass-to-Liquid’ (EBtL) refers to BtL processes (biomass gasification and liquid fuel 
synthesis) with a significant increase in fuel production by means of external energy inputs. The 
conversion yield of biomass carbon into fuel carbon is multiplied by a factor of 3 in comparison with 
existing (autothermal) gasification processes. The technical options of such processes are outlined and 
evaluated in the paper: the production cost is estimated between 0.7 and 1.2 €/litre diesel. 

EBtL routes enable a strong increase in biofuel production compared with today biofuel processes 
(i.e. ethanol plus vegetal oil). They may also be seen as an efficient way to store electricity and hydrogen 
(produced from processes generating no greenhouse gas emissions) into a liquid fuel made from 
renewable carbon and compatible with present motor technologies and fuel storage and distribution. In 
combination with hybrid motors (liquid fuel and electricity), these technologies may offer a realistic 
alternative to petroleum and help reducing greenhouse gas emissions. 

© 2010 Elsevier Ltd. All rights reserved. 


1. Introduction 

The replacement of fossil fuels is a major challenge for the 
future, especially liquid fuels for road and air transport. The French 
consumption of liquid fossil fuels for transport was about 50 Mtoe 
in 2005 [1]. 

Hydrogen routes have the potential to replace petroleum [2], 
but they are still far from maturity: many problems are encoun¬ 
tered in the fields of hydrogen production, storage and distribution, 
as well as engine developments. 

Today, first generation liquid biofuels (i.e. ethanol and vegetal 
oil) have only a low potential: for a country like France, between 3 
and 5 Mtoe/a seem feasible (10% of oil consumption for transport). 
But second generation BtL technologies highly improve this 
potential as the entire plant is transformed. 

We define mass yield as the equivalent mass (on an energy 
equivalence basis) of diesel fuel produced for one mass unit of dry 
biomass put into a BtL process (NB: The lower heating value of BtL 
products is close to 45 MJ/kg, while the lower heating value of the 
diesel fuel, taken as a reference, is close to 42 MJ/kg; this affects the 
mass yield). The mass yield of existing BtL technologies is about 
15-20% [3]. This is comparable to what is anticipated for future 
technologies of lignocellulose enzymatic transformation into 
ethanol [1]. This mass yield still leads to limited replacement of 
petroleum fuels by biomass fuels (about 7-10% in France). The aim 
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of this paper is to show that the mass yield of BtL technologies can 
be increased by up to a factor of 3 (basically via external energy 
input) and that the resulting production costs can compete with 
gas-to-liquid (GtL) or coal-to-liquid (CtL) production costs, 
provided that environmental impacts are taken into account (e.g. 
via carbon tax). (GtL and CtL costs are about 0.3 $/l diesel [4].) 

The paper summarizes the work done on the subject at CEA 
since 2001 [1,5—7]. Similar conclusions on potential fuel produc¬ 
tion enhancement have also been met meanwhile by other 
authors [4,8,9]. 

We start by explaining the origin of mass yield limitation for 
existing gasification and BtL processes. This will be done quanti¬ 
tatively, considering an entrained flow reactor technology. Various 
alternatives to increase the fuel production yield will then be dis¬ 
cussed and the production costs will be assessed. Finally, overall 
benefits of these processes will be examined. 

2. Biomass conversion technologies and related limitations 
today 

Today, ethanol and vegetal oil production converts only a small 
fraction of the biomass input into fuel. Ongoing research on enzy¬ 
matic conversion aims at enhancing the production of ethanol and 
other products (fatty acids, isoprenoids [10]), but the resource would 
remain only partially converted [1,8]. Biomass gasification has the 
potential to convert the whole resource into syngas for fuel synthesis. 

The thermo-chemical process can be split into following main 
steps: biomass preparation, pyrolysis, gasification, gas cooling and 
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cleaning, gas shift (in order to adjust the H 2 /CO ratio) and fuel 
synthesis. Many different technologies exist for pyrolysis, gasifica¬ 
tion and gas cleaning [11—16], but some difficulties remain from an 
industrial point of view. Entrained-flow (EF) gasification has been 
identified as one of the most promising technologies for large-scale 
conversion of a variety of biomass streams into liquid trans¬ 
portation fuels [3,17-19]. The major advantages related to EF 
gasification are large-scale capacities, pressurisation, superior gas 
quality (maximization of CO and H 2 production due to high 
temperature and no tar forming) and compatibility with various 
resources. Furthermore, this technology is currently available for 
industrial coal gasification [19]. However, application of EF gasifi¬ 
cation to biomass is not straightforward and requires R&D, espe¬ 
cially regarding biomass pre-treatment and feeding. Some 
experience with biomass EF gasifiers exists, for example the pilot 
scale gasifier of Future Energy [19] and the CHOREN gasifier [13]. 
This kind of gasification technology will be considered below. 

The existing processes meet with their limitations in fuel 
production yield at three main stages: 

1. in the gasification reactor: carbon and hydrogen are partially 
lost (i.e. oxidized) to provide energy for the endothermic 
gasification reactions, 

2. during the water gas shift reaction: part of the CO is trans¬ 
formed into H 2 to adjust the H 2 /CO ratio for the fuel synthesis 
reaction, 

3. in the tail gases of the fuel synthesis stage: tail gases linked to 
Fischer-Tropsch synthesis represent typically 30 to 40 w% of 
the synthesis gas. 

These limitations lead to a diesel mass yield of ~ 15% (i.e. ~150 kg 
diesel fuel for 1 ton dry biomass) and to an energy yield of ~30% for 
the produced fuel alone (the total energy yield for the unit is higher 
than 30% since part of the heat and of the lost carbon can be used to 
produce electricity: this production covers the needs of the 
production unit plus some excess electricity production). The total 
loss of carbon in this process is about 75% (- 60% due to the chemical 
reaction path and ~ 15% due to various losses). Typically, only ~ 25% 
of the biomass carbon is converted into fuel carbon. 


3. Increase of fuel production yield and related process 
alternatives 

We propose that the fuel mass yield of the process can be 
multiplied by a factor 3 by implementing alternative technical 
solutions for the three limiting stages discussed above. 

Physics impose that an increase of fuel production yield requires 
an additional energy input. One of the interest of thermo-chemical 
processes is that various primary energies are suitable, which 
allows for adaptation to local technical and economical specificities. 
Furthermore, EBtL routes may be considered as an efficient way to 
store electricity and hydrogen (produced from processes gener¬ 
ating no greenhouse gas emissions) into a liquid fuel made from 
renewable carbon and compatible with present motor technologies 
and fuel storage and distribution. 

The different process features and alternatives that we will 
assess are described below and summarized in Fig. 1. 

3.1. Biomass preparation 

Three preparation techniques are considered: 

- slow pyrolysis (CHOREN NTV, producing a gas and solid char 
powder), 

- fast pyrolysis (producing a slurry), 

- torrefaction and milling (producing a solid powder). 


3.2. Gasification 

Gasification takes place in an entrained flow reactor at high 
temperature (~1500 °C). Ashes melt and are collected on reactor 
walls. Four alternatives for energy input are considered: 

• autothermal reactor: energy is provided by partial oxygen 
combustion of the biomass with oxygen enriched air, 

• allothermal reactor: energy is provided by three alternative 
technologies: 



biofuel 

preparation gasification H2 adjustment synthesis 


Fig. 1. Summary of process alternatives. 
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- plasma heating (i.e. electricity heating e.g. from nuclear 
power plants, wind mills), 

- co-combustion of hydrogen, 

- co-combustion of natural gas. 

Plasma heating is a technology that does not exist at the 
industrial scale for gasification. Several authors have proposed 
implementing plasma technologies, mainly for inorganic and 
organic waste gasification ([20-24]). A technology has been 
proposed by CEA and Europlasma [25] for implementation in an EF 
reactor for biomass gasification. The energy efficiency of this 
technique is expected to be greater than 70%. 

Hydrogen addition has been proposed by only a few authors. 
Bossel et al. [26] argument that hydrogen is more efficiently used 
when introduced into biofuels. Norbeck et al. [27] propose to add 
hydrogen in a fluidized bed gasification reactor operated at low 
temperature (~500 °C) and high pressure in order to produce 
methane. Agrawal [8], Dietenberger and Anderson [4] and Shinnar 
and Citro [9] also identified the interest of hydrogen addition in order 
to increase mass yield in biofuel production. The authors of the 
present paper also discussed the interest of adding hydrogen [1,5-7]. 

Different technologies are proposed to add hydrogen. One of 
them that we propose is to burn hydrogen in an entrained flow 
reactor because thermodynamic equilibrium calculations at high 
temperature show that oxygen preferentially reacts with hydrogen. 
Consequently, it is possible to save more renewable carbon and 
convert it into CO for fuel synthesis. This technique comes down to 
moving the external energy input from the gasifier to the hydrogen 
production device. The energy yield is mainly determined by the 
hydrogen production yield, but it is about 15% lower due to the 
energy consumed to heat hydrogen up to 1500 °C. 

Natural gas co-combustion can be emphasized as a technique for 
external energy input, but it supposes that the equivalent amount of 
fossil carbon (which is produced as CO 2 ) is captured in the process. 
This is an advantage in comparison to GtL process, for which the fossil 
carbon bound in the fuel is released into the atmosphere. 

3.3. Gas cooling 

Three solutions are assessed: 

- simple quench down to 800 °C followed by heat recovery down 
to ~400 °C: it is considered that quench with water induces 
partial water gas shift, 

- chemical quench (syngas reaction with char particles between 
1500 °C and ~900 °C) followed by heat recovery in a heat 
exchanger down to 400 °C, 

- heat recovery from 1500 °C down to 800 °C: this technology is 
not available and requires to develop high temperature gas 
cleaning. 

3.4. Gas cleaning 

Two solutions are considered: 

- “Rectisol cleaning”, 

- “water-amine cleaning”. 

Part of the energy required for cleaning is recovered from the 
high temperature syngas. 

3.5. H 2 /CO ratio adjustment 

Three alternatives are considered for the adjustment of the 
H 2 /CO ratio: 
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• a water gas shift reaction: CO conversion into H 2 induces 
carbon losses, 

• input of additional hydrogen from: 

- water electrolysis: the co-produced oxygen is used in the 
gasification reactor (except for plasma gasification technol¬ 
ogies); that has been shown to be interesting in the case of 
synthetic natural gas production from wood [28]; 

- natural gas reforming: it is associated with carbon capture 
and sequestration if this technology is available. 

3.6. Fuel synthesis 

Different types of fuel can be obtained by synthesis: methanol, 
DME or Fischer-Tropsch fluids. Only Fischer-Tropsch synthesis 
will be considered in the present assessment. 

3.7. Use of the tail gas 

Two options have been considered for the tail gas: 

- combustion in a gas turbine to produce electricity, which is 
used in the process, 

- recycling and reforming: the tail gas contains CO and H 2 that 
have not reacted and that can be recycled within the process. 

About 100 different processes can be built from all the consid¬ 
ered options. 

4. Technical comparison of process alternatives 

The calculated performances of various process alternatives are 
compared in Table 1. Some precautions should be taken when 
analyzing these figures: 

- the feasibility of energy addition by plasma is still to be 
demonstrated, 

- high temperature heat exchangers are not industrially available, 

- industrial reforming of tail gases should also be assessed, 

- more pessimistic hypotheses can lead to lower production 
yields, by at most -20%; nevertheless, the ranking of the 
various options would not change in terms of yield. 


The interest of introducing these options is mainly to identify 
their impact on process performances and thus to measure the 
interest of technical developments. The main conclusions are 
that: 

> the mass yield varies in a large range: 18%-59%; i.e. about 

a factor 3 increase, 

> the options that mostly increase the mass yield are in the 

following order: 

1. replacement of water gas shift by hydrogen addition, 

2. recycling and reforming of the tail gases from the 
Fischer-Tropsch synthesis, 

3. external energy input in the gasification reactor. 

As an illustration, a step-by-step mass balance is given in Table 2 
for two options. 

The main interest of a high temperature heat exchanger is not so 
much a higher energy recovery (energy above 800 °C could be used 
to reform the tail gases) as avoiding partial water gas shift induced 
by syngas water quench down to 800 °C. Chemical kinetic calcu¬ 
lations indicate that syngas chemical quench (reaction with char) 
induces partial water gas shift too. 

A more elaborated preparation, for instance fast pyrolysis 
(slurry) in comparison to torrefaction (processes 7 and 14,10 and 
16,12 and 18), leads to a lower mass yield (—5% absolute), due to 
heat and carbon losses during the preparation. 

Decentralisation of biomass preparation (not shown in Table 1) 
is not technically interesting: 

- it does not allow to recover the large amount of heat from the 
fuel synthesis for biomass drying, 

- biomass transportation only consumes a small amount of 
energy, 

- investment and operation costs are increased. 

Fig. 2 shows C0 2 emissions and fuel production for the most 
technically interesting options. Electrical consumption is indicated 
and natural gas consumption is proportional to C0 2 production (no 
C0 2 capture and sequestration has been considered). As a reference, 
the same amount of biomass put into a “basic” process (slurry- 
+ auto thermal + water gas shift + no tail gas recycle) gives 


Table 2 

Step-by-step mass balance for two options. 


Step 

Option 1: process no. 1 

Option 2: process no. 16 

Biomass preparation 

Hot air drying + fast pyrolysis (slurry) 

Hot air drying + torrefaction 

Input 

C6H904 

C6H904 


+610 kj (200 °C) 

+610 kj (200 °C) 


+270 kj (500 °C) 

+0.075 CH4 


+70 kj (el.) 

+65 kj (el.) 

Main output 

C5.2 H7 02.5 + 1.5 H20 

C5.6 H7 02.8 

Gasification 

Entrained flow reactor (1500 °C): autothermal 

Entrained flow reactor (1500 °C): co-combustion of natural gas 

Additional input 

+1.8 02 (100 kj (el.)) 

+0.6 CH4 + 2.6 02 (cf. H2) 

Main output 

4.6 CO + 3.2 H2 + 1.7 H20 + 0.6 C02 

5.6 CO + 3.4 H2 + 1.2 H20 + 0.6 C02 

Gas cooling 

Water quench 

Heat exchanger 

Additional input 

+4.5 H20 


Main output 

3.6 CO + 4.2 H2 + 5.2 H20 + 1.6 C02 

5.3 CO + 3.7 H2 + 0.9 H20 + 0.9 C02 + 145 kj (>800 °C) 

Gas cleaning 

Additional input 

Water-amine 

Water-amine 

Main output 

3.6 CO + 4.2 H2 

5.3 CO + 3.7 H2 

H 2 /CO adjustment 

Water gas shift 

Hydrogen addition from water electrolysis 

Additional input 


+7.4 H2 (2975 kj (el.)) 

Main output 

2.6 CO + 5.2 H2 

5.3 CO + 11.1 H2 

Fuel synthesis 

Fischer-Tropsch synthesis with tail gas combustion 

Fischer-Tropsch synthesis with tail gas recycling 

Additional input 


+470 kj (800 °C) 

Main output 

1.8 CH2 

5.3 CH2 


+605 kj (200 °C) 

+200 kj (el.). 

+1105 kj (200 °C) 
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( 1 GW * 1 a (8000 h) = 0,7 Mtoe ) 


Fig. 2. Technical comparison of different process options: C0 2 emissions (g/km) and diesel fuel production (Mtoe/a) for 2.4 Mt/a dry biomass (300 t/h). The size and figures in GWe 
correspond to electrical power supply. % Slow pyrolysis + autothermal gasification + chemical quench + H 2 (elec. (bottom)/nat. gas (top)). Q Slurry (left)/torrefied wood 
(right) + autothermal gasification + H 2 (elec. (bottom)/nat. gas (top)). O Slurry (left)/torrefied wood (right) + allothermal gasification (nat. gas) + H 2 (elec. (bottom)/nat. gas (top)). 
O Slurry (left)/torrefied wood (right) + allothermal gasification (plasma) + H 2 (elec. (bottom)/nat. gas (top)) (All processes include tail gas recycling. The C0 2 produced in the 
process is not captured). 


-0,45 Mtoe. The processes that are presented involve additional 
energy input. 

Fig. 2 shows that the introduction of natural gas leads to 
a significant increase of CO 2 production; thus, CO 2 should be 
captured and sequestrated in that case. Table 1 and Fig. 2 also 
show that there is a large variety of combinations of options that 
can lead to a significant increase of the fuel mass yield, because 
of the possibility of using, at least, two different energy vectors 
(electricity and natural gas) for the replacement of water gas shift 
and for gasification. These resources and associated technologies 
can thus be preferably implemented depending on local 
constraints on resources, on prices and on available technologies, 
especially CO 2 sequestration. 


5. Economical aspects: EBtL production cost 

Production costs are evaluated on following bases: 

• reference costs for inputs: 

- biomass: 20 €/MWh (100 €/t dry biomass), 

Table 3 

Production cost evaluation for the different technical options. 


- electricity: 45 €/MWh, 

- natural gas: 30 €/MWh; 

• investment costs are evaluated for a plant treating 100 t/h of 
dry biomass: they range from 550 M€ to 1200 M€ depending 
on process options; this capital is considered to be reimbursed 
within 25 years and actualization rate is taken at 8%; 

• other operating costs are taken into account as a fraction of 
investment costs: 50%. 

Table 3 shows the costs evaluated for the technical options 
discussed above. The main results are that: 

> production costs range from -0.72 €/l to 1.13 €/l while mass 
yields vary by a factor 3; 

> investment costs contribution to production costs varies 
between 20 and 33%; 

> the input of external energy that is more expensive than 
biomass is more than compensated by the significant increase of 
production yield: the production cost is generally lower for 
allothermal processes than for autothermal processes. 


Process 


[1] Slurry + Autothermal + water gas shift (WGS) + no tail gas recycle 

[2] Slurry + Autothermal + H 2 (elec.) + no tail gas recycle 

[3] Slurry + Autothermal + H 2 (nat. gas) + no tail gas recycle 

[4] Slurry + Autothermal + WGS + with tail gas recycle 

[5] Slurry + Autothermal + H 2 (elec.) + with tail gas recycle 

[6] Slurry + Autothermal + H 2 (nat. gas) + with tail gas recycle 

[7] Slurry + Autothermal + HT heat exchanger + H 2 (elec.) + with tail gas recycle 

[8] Slurry + Autothermal + HT heat exchanger + H 2 (nat. gas) + with tail gas recycle 

[9] Slurry + Allothermal (H 2 ) + HT heat exchanger + H 2 (elec.) + with tail gas recycle 

[10] Slurry + Allothermal (nat. gas) + HT heat exchanger + H 2 (elec.) + with tail gas recycle 

[11] Slurry + Allothermal (nat gas) + HT heat exchanger + H 2 (nat. gas) + with tail gas recycle 

[12] Slurry + Allothermal (plasma) + HT heat exchanger + H 2 (elec.) + with tail gas recycle 

[13] Slurry + Allothermal (plasma) + HT heat exchanger + H 2 (nat. gas) + with tail gas recycle 

[14] Torrefied Wood + Autothermal + HT heat exchanger + H 2 (elec.) + with tail gas recycle 

[15] Torrefied Wood + Autothermal + HT heat exchanger + H 2 (nat. gas) + with tail gas recycle 

[16] Torrefied Wood+ Allothermal (nat. gas) + HT heat exchanger + H 2 (elec.) + with tail gas recycle 

[17] Torrefied Wood + Allothermal (nat. gas) + HT heat exchanger + H 2 (nat. gas) + with tail gas recycle 

[18] Torrefied Wood + Allothermal (plasma) + HT heat exchanger + H 2 (elec.) + with tail gas recycle 

[19] Torrefied Wood + Allothermal (plasma) + HT heat exchanger + H 2 (nat. gas) + with tail gas recycle 


Mass yield % Production 

(Diesel/dry biomass) cost €/l diesel 


18 

1,04 

25 

1,13 

25 

0,94 

26 

0,88 

38 

0,95 

38 

0,79 

45 

0,95 

45 

0,76 

46 

1,03 

51 

0,93 

51 

0,75 

54 

0,89 

54 

0,80 

50 

0,95 

50 

0,73 

56 

0,93 

56 

0,72 

59 

0,89 

59 

0,80 
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The sensitivity to the costs of the inputs has also been analysed. 
Following variations are considered: 

- biomass: from 15 to 45 €/MWh (75—225 €/t dry biomass), 

- electricity: from 45 to 90 €/MWh, 

- natural gas: from 15 to 60 €/MWh. 

The minimum production cost that is obtained is then 0.5 €/l 
diesel. When the maximum input costs are considered, the 
production costs are approximately doubled in comparison to the 
costs indicated in Table 3. 

6. Conclusions 

We conclude that massive biofuel production is basically an 
energetic issue. As renewable biomass is a limited resource (for 
France, local resources are quite lower than fossil energy 
consumption), to replace a significant part of fossil fuels with bio¬ 
fuels emitting no fossil carbon into the atmosphere implies to 
transfer as much renewable carbon as possible into biofuels. This 
requires additional energy, which can be achieved through 
hydrogen, electricity or natural gas (with CO 2 capture and 
sequestration), provided that no greenhouse gases are emitted and 
the technological pathways are economically viable. 

The EBtL routes discussed here enable increased fuel produc¬ 
tion from renewable biomass: up to 40% of today French 
consumption for transportation, from local renewable resources 
evaluated at 50 Mt/a. This significant improvement in biofuel 
production is due to: 

- the input of external energy that maximizes the transfer of 
renewable carbon from the biomass into the fuel: thus, EBtL 
routes can also be seen as an efficient way to store electricity 
and hydrogen (produced from processes emitting no green¬ 
house gas) into a liquid fuel, compatible with present motor 
technologies and fuel storage and distribution [7]; 

- the use of the entire lignocellulose plants and possibly of 
organic wastes, that offers a broad spectrum of resources: 
combined with the maximization of the carbon transfer into 
the final fuel, it reduces the competition with food crops. 

The gasification technology discussed here is based on an 
entrained flow reactor: it is mature for coal and under industrial 
development for biomass. Techniques to add energy have unequal 
maturity: addition of hydrogen from natural gas reforming is 
mature; water electrolysis is ready for upscaling; combustion of 
natural gas in the gasification reactor should require only light 
industrial development, as well as recycling of Fischer—Tropsch 
synthesis tail gas; plasma technologies with higher efficiency still 
require R&D work. 

The calculated EBtL production costs, including investments, 
range from ~0.7 to ~1.1 €/l (diesel), depending on the process 
options: the increase in mass yield enables significant cost reduc¬ 
tions. Furthermore, the input costs can be shared between several 
resources, making EBtL cost less sensitive to their separate cost 
evolutions. A flexible process can also be designed to adapt to 
resource markets. The production cost of optimised EBtL processes 
can compete with production costs for CtL and GtL, provided that 
a “fossil carbon tax” is applied. 


EBtL routes may be combined with the development of hybrid 
cars (fuel and electrical motors) to offer a mid term realistic alter¬ 
native to petroleum with low greenhouse gas emissions. 
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